Axin is encoded by the fused locus in mice and is required for normal vertebrate axis formation. It has recently been shown that axin associates with the adenomatous polyposis coli gene product (APC), b-catenin and glycogen synthase kinase-3 (GSK-3) in a complex that appears to regulate the level of cytoplasmic b-catenin. We have identified the Xenopus homologue of axin through its interaction with GSK3b. Xenopus axin (Xaxin) is expressed maternally and throughout early development with a low level of ubiquitous expression. Xaxin also shows remarkably high expression in the anterior mesencephalon adjacent to the forebrain-midbrain boundary.
Introduction
Axin is the product of the fused locus in mice (Zeng et al., 1997) . Two alleles of fused, Fu tg1 and Fu Kb , have been described that cause a recessive, embryonic lethal phenotype with duplication of axial structures, as well as neurological and cardiac abnormalities (Perry et al., 1995; Zeng et al., 1997) . Mouse axin is expressed in embyronic stem (ES) cells, embryos (E10.5-E16.5), and multiple adult tissues. In situ hybridization showed that mAxin mRNA is evenly distributed throughout embryonic and extraembryonic tissues. Molecular cloning of mouse axin revealed that the gene encodes a protein with an amino (N) terminal domain similar to regulators of G-protein signalling (RGS) proteins, which regulates heterotrimeric G-protein function, and a carboxy (C) terminal domain (DIX) with similarity to dishevelled (Fig. 1) . Analysis in Xenopus embryos, using mouse axin, suggested that axin functions as a negative regulator of the wnt pathway, since overexpression in dorsal blastomeres blocks dorsal development while ventral expression of dominant negative axin (DRGS) causes dorsalization and axis duplication (Zeng et al., 1997) . Recent data from several laboratories have shown an interaction of mammalian axin genes with GSK-3b, as well as b-catenin and APC (Behrens et al., 1998; Hart et al., 1998; Ikeda et al., 1998; Itoh et al., 1998; Sakanaka et al., 1998; .
Here, using a yeast two hybrid screen (Fields and Song, 1989; Harper et al., 1993) with Xenopus GSK-3 as bait we have identified Xenopus axin. Three independent clones were identified from a Xenopus oocyte cDNA library that interacted strongly with GSK-3b, and had a high degree of sequence similarity with axin ( Fig. 1A ; Zeng et al., 1997) . A Xenopus oocyte cDNA library was subsequently screened and multiple overlapping cDNAs were identified and sequenced (Fig. 1B) . The predicted amino acid sequence shows significant identity with chicken (78%), mouse (69%) and human (67%) axins throughout the open reading frame (Fig. 1C , Zeng et al., 1997) , indicating that this gene is the Xenopus homologue of axin (Xaxin). A comparison of the overlapping fragments identified in the yeast two-hybrid screen indicated that the region of Xaxin responsible for the interaction with GSK-3b lies between the RGS and DIX domains (amino acids 320-502). This domain is indicated as the GSK-interacting domain (GID). Subsequently, we have found that amino acids 380-404 of Xaxin are sufficient to interact with GSK-3 (C.M.H. and P.S.K. manuscript in preparation).
If endogenous axin plays a role in early dorsal axis determination in Xenopus, Xaxin should be expressed maternally, as it is in mouse. Therefore. we analyzed Xaxin expression in oocytes and early embryos, as well as in the later stages of development. As shown in Fig. 2A , Xaxin is readily detected in early oocytes (stage II), and throughout oogenesis. Xaxin mRNA is expressed ubiquitously throughout early development (Fig. 2B,C) , as detected by in situ hybridization and by reverse transcription-polymerase chain reaction (Fig. 2H ), similar to mouse axin. However, from mid-neurula through the tadpole stage, Xaxin also shows remarkably high expression in the anterior midbrain adjacent to the forebrain-midbrain boundary, an observation not reported for mouse axin (Fig. 2D,E ). This expression is distinct from and anterior to the expression of engrailed at the midbrain-hindbrain boundary ( Fig. 2F ) (Hemmati-Brivanlou and Harland, 1989) . Curiously, Xenopus wnt-2B (Xwnt-2B) has been reported to have a highly localized expression in this region of the brain. In double in situ hybridization with Xaxin and Xwnt-2B probes we find that Xwnt-2B is expressed adjacent to Xaxin, predominantly in the posterior prosencephalon. Several other Xwnts (Xwnts-1, 3A, 4, and 8B) have domains of expression that overlap with this forebrain-midbrain boundary (Landesman and Sokol, 1997) . The significance of the high level of Xaxin expression within this restricted domain in the midbrain is not known.
In summary, we have identified the Xenopus homologue of axin (Xaxin) through its interaction with GSK-3. Xaxin is a maternally expressed gene and is expressed throughout early Xenopus development. Xaxin also shows a remarkable anterior midbrain expression in tadpole stage embryos adjacent to the expression of Xwnt-2B in the posterior forebrain.
Experimental procedure

Yeast two hybrid
Xenopus GSK-3b was cloned as a fusion protein with the GAL4 DNA binding domain in the vector pAS2-1 (Clontech). A Xenopus oocyte library (Clontech) cloned as a fusion to the GAL4 transcriptional activation domain in the vector pGAD10 was screened according to the Clontech protocol and as described previously (Fields and Song, 1989; Harper et al., 1993) . Independent clones (3 × 10 6 ) were screened and eight positive clones were identified through activation of HIS3 and LacZ reporter genes; four clones were similar to axin, but two of these were identical, yielding three independent Xenopus axin clones from this library. Positive clones interacted with GSK-3b but not with control fusion proteins or empty vectors.
Cloning of Xenopus axin
A 1.1 kb DNA fragment isolated from one of the two hybrid clones was used as a probe to screen a random primed Xenopus oocyte cDNA library in Lambda Zap (kindly provided by Dr. Alan Wolfe) according to standard protocols. Multiple overlapping cDNAs were identified and both strands were sequenced using an ABI 373 automated sequencer. Full length Xaxin was constructed by restriction digest and ligation of overlapping clones and confirmed by sequencing. (GenBank Accession number, AF097313).
Whole mount in situ hybridization
Whole mount in situ hybridization was performed as described (Harland, 1991) , with modifications for enzymatic removal of vitelline membranes (Islam and Moss, 1996; Jowett and Yan, 1996) and inactivation of endogenous alkaline phosphatase (sense and anti-sense digoxygenin labeled riboprobes were prepared using Megascript kits from Ambion (Austin, TX)). Double staining using engrailed (Hemmati-Brivanlou and Harland, 1989) and Xwnt-2B (Landesman and Sokol, 1997) probes was performed using sequential alkaline phosphatase-coupled secondary antibodies (anti-digoxygenin and anti-fluorescein) as described (Jowett and Yan, 1996) .
Reverse transcription polymerase chain reaction
Reverse transcription polymerase chain reaction (RT-PCR) was performed essentially as described (Wilson and Melton, 1994) . Primer sequences were previously reported for cSrc (Moos et al., 1995) . Xaxin primer sequences were: upstream-ACGAGCAGACCTAGA-CTTGG and downstream-CGAACTGTCTAACGCAAGC. Xaxin PCR was run for 25 cycles with a hybridization temperature of 55°C. 
